A very thin electrode with a tapered shape and a cylindrical tip, named ultrathin punch, is fabricated by electrochemical etching and by controlling the vertical position of the electrode during etching. We used electrochemical etching by which we obtain punches quickly and simply. The fabrication procedure and its results are presented in this article. With this punch, we can get holes or nozzles for ink-jet printers, textile machines, and other uses. Various angles of the taper can be obtained by adjusting the immersion depth. The tip diameter also can be controlled by adjusting current density and etching time.
As the size of machines becomes smaller, demands for the fabrication of their components increase. Some of them are usually obtained from noncontact type systems such as the integrated circuit or modified LIGA process, 1,2 and electrodischarge machining. Micro-punching, which is one of contact methods, is usually used to obtain a hole or nozzle whose minimum diameter is about 30 m. This method is impossible without uniform, small-diameter electrodes or wires. A precise cutting technique was used to fabricate an electrode with a diameter of 10 m by Yamagata and Higuchi 3 in 1995. Waida and Okano 4 produced a 50 m diameter electrode by microgrinding in 1995. These methods, however, are not efficient because only one punch can be obtained at a time. In contrast with these methods, many punches can be fabricated cheaply and simultaneously by electrochemical etching. Lim and Kim 5 used the electrochemical etching for a 10 m diameter in 2000. Electrochemical etching has usually been used to produce very sharp probes for atomic force microscopy or scanning tunneling microscopy. [6] [7] [8] The whole probe shape has not been considered till now. We suggest a fabrication method for micro-punch with electrochemical etching and do some experiments.
The electrochemical etching is an anodic dissolution process, as shown in Fig. 1 . After it is immersed in the electrolyte, the electrode can be machined by simply adjusting the voltage and current. 9 However, it is not easy to get the machined shape in real time; thus, more precise analytical modeling would be needed during the dissolution. The electrochemical behavior of tungsten electrodes in KOH solutions has two steps as follows:
shows the reaction between tungsten atoms and OH Ϫ ions. The quantity of trioxide WO 3 is proportional to the applied current, creating a diffusion layer that flows downward along the electrode surface. In the next step, WO 3 again reacts with OH Ϫ ions, dissolving them in the electrolyte. This step proceeds continuously by the chemical condition and has no relation to the current.
A conical electrode or probe can be obtained by electrochemical etching with low electrolyte concentrations and low currents. Under these conditions, the material is easier to dissolve at protrusive areas than at flat ones; thus, a conical electrode can be produced. On the other hand, the diffusion layer of WO 3 would be thicker as current level increases. Because the layer flows downward, its thickness increases as it moves. It means that the end of the electrode is hardly dissolved because of increased thickness of the WO 3 layer. Therefore, it is possible to fabricate a cylindrical electrode at a certain level of current. Figure 2 shows the basic concept of fabricating the stepped shape of an electrode. The method for a cylindrical shape is applied in each step. After each stepped shape is obtained, the electrode is lifted by one step. And then, another step can be obtained by dissolving again. The stepped shape can be obtained by repeating this procedure. It is possible to obtain a punch shape if the step size becomes small. However, we can obtain a punch shape, even if the step size is about tens of microns.
A punch is fabricated from a pure tungsten rod whose diameter is 0.5 mm. The purity of the material is 99.9%. The length of etching step is set to 20 m. The current density is 14 mA/mm 2 during etching; this means that although the level of the current is direct current ͑dc͒ it decreases as the surface area, which is exposed to the electrolyte, changes. Digital signal processor controls the level of the current. In a͒ Electronic mail: kimsh@kaist.ac.kr REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 72, NUMBER 8 AUGUST 2001 this case, the applied voltage is around 2.0 V dc. The tungsten rod is etched in 5 M KOH solution at room temperature. Figure 3 shows the fabricated punch shape. The length of the taper is 0.72 mm, and the diameter of the tip is 60 m. The diameter profile of the connected section in broken box of Fig. 4 is measured by microscopy with a maximum measuring error of 0.5 m. As shown in Fig. 4͑a͒ , it can be divided into tapered and cylindrical parts. The radius of curvature between the two is 140 m; the taper angle is 22.4°. Figure 4͑b͒ shows the linearization error; maximum deviation is 2.5 m.
When the electrode is immersed into the electrolyte, the depth of the submerged portion of the electrode increases because of surface tension. 5 The shank section in Fig. 3 is, therefore, inevitable. As shown in Fig. 5͑a͒ , we cannot get a linearly tapered part when the length of tapered part is smaller than the additionally submerged depth due to surface tension. In this case, we cannot define or measure the taper angle. In the taper section, respectively; D E is the length of the tip. Table I shows more detailed results than Fig. 5 on the relationship between the taper angle and length. The maximum taper angle is 24°when the initial diameter is 0.5 mm and the desired tip diameter is 100 m.
